We compared test methods based on specific mechanisms of some interest as a novel approach for the determination of daunorubicin (DNR) resistance to more global procedures.
Introduction
Heparinized peripheral blood was obtained following informed consent from 18 patients suffering from nonlymphocytic During the last three decades a wealth of information on leukemia or non-Hodgkin lymphoma (Table 1) . Mononuclear resistance to antineoplastic agents has been elaborated, but cells were separated by Ficoll gradient centrifugation so far the clinical impact of this research has been less (Lymphoprep, Nycomed, Munich, Germany). Aliquots were impressive, except for dose escalation strategies. Front-line used for either MTT assay, flow cytometry, or immunocytomechanisms of resistance with high specificity are often chemistry. encountered with drugs targeted at key enzymes of DNA metabolism. 1 A second rather broad line of defense with less specificity is formed by mechanisms relating to uptake, efflux MTT assay (eg by P-glycoprotein), and compartmentalization of drugs, to detoxification of toxic chemicals by glutathione metabolites,
The MTT assay was performed as reported by Kaspers et al. 8 and to repair of DNA damage. For many antineoplastic agents Five concentrations of daunorubicin (0.012-3.125 g/ml) in more than one of these mechanisms of resistance has been the presence or absence of 2 g/ml CsA were tested. proven to be simultaneously operative in cells. 2 Absorbance values were expressed as percent of untreated Beyond these initial lines of defense the ultimate fate of control. Inhibition concentration 50 (IC 50 ) values were calcucells appears to be governed by complex genetic programs. lated and converted into 'dose modifying factors' (DMF = IC 50 Quiescence or proliferation and identical replication vs differ-DNR/IC 50 DNR + CsA). entiation represent the major pathways in the life of mammalian cells which ends either by apoptosis or necrosis. 3 At the present level of understanding this complex network, it
Accumulation of daunorubicin remains difficult to conceive how the crucial determinants of response to antineoplastic agents should be assessed in a cliniCell suspensions (1 × 10 6 cells/ml) were incubated with 0, 1, cally useful setting. Measurement of apoptosis has gained 2, 5 and 10 g/ml DNR, respectively, with or without addition of 2 g/ml CsA for 1 h at 37°C. Fluorescence was measured in an EPICS-Profile II flow cytometer (Coulter Electronics, Krefeld, Germany). Data from each cell line or patient sample were fit by linear regression. We then calculated the mean In situ terminal DNA deoxynucleotidylexotransferase (TdT) assay expressed as 'accumulation modifying factor' (AMF = mean fluorescence of 1 g/ml DNR + CsA/mean fluorescence of 1 g/ml DNR alone). Detection of DNA strand breaks associated with apoptosis was performed as described by Gorczyca et al.
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Detection of P-glycoprotein DNA fragmentation assay
Immunohistochemical detection of P-gp by monoclonal antibody MRK16 (Kamiya Biomedical, Thousand Oaks, CA, USA) was performed using an optimized protocol.
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The detection of apoptosis-related DNA ladder patterns by gel electrophoresis followed the protocol of Gorczyca et al.
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Determination of apoptosis and cell cycle distribution
Determination of necrosis
The appearance of cells less intensively stained than G 1 cells (sub-G 1 or A 0 cells) in flow cytometric DNA histograms is generally accepted as a marker of apoptosis. 10 We used a propidNecrotic cells were stained with 7-amino-actinomycin D (7-AAD) and quantified by flow cytometry as described by ium iodide-based staining procedure described by Telford et al.
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Mechanisms of resistance in permanent cell lines
To explore further the nature of bell-shaped dose-response curves for apoptosis, we determined the appearance of Apoptosis after exposure to DNR in a dose range from 0.1 to apoptosis (by PI staining) and necrosis (by 7-AAD staining) in 10 g/ml DNR was determined in four permanent leukemic KG-1a cells (Figure 4) . In parallel measurements, increasing rates of apoptosis but low fractions of necrotic cells were observed after incubation of low doses of DNR (0.1-1 g/ml) and incubation for 48 h. At higher DNR concentrations (5-10 g/ml), the rate of necrotic cells increased as the rate of apoptotic cells declined. Increasing drug doses thus caused a switch from apoptotic to necrotic cell death.
Mechanisms of resistance in mononuclear cells (MNC) of leukemic patients
We measured apoptosis in MNC in 18 leukemic patients 6 and 24 h after IR or after continuous exposure to different Appearance of apoptotic cells after exposure to daunorubicin (0.1-10 g/ml) in four permanent leukemic cell lines. and HinfI digested 6 pBR 328 DNA).
Figure 4
Appearance of apoptotic or necrotic KG-1a cells after exposure to daunorubicin (0.1-10 g/ml) and incubation for 48 h. Apoptotic cells were determined by propidium iodide staining and necrotic cells were determined by 7-amino-actinomycin D staining (see Materials and methods).
Figure 5
Appearance of apoptotic mononuclear cells from (a) patient FF, (b) patient HF, and (c) patient LV after treatment with daunorubicin (0.1-10 g/ml) and incubation for 6 h. induced apoptotic effects. Rates of spontaneous apoptosis were substracted from peak values of drug-or radiation- between patient samples. Inspecting bell-shaped doseresponse curves from individual patients (data not shown here for lack of pictorial clarity) explains this variability by different DNR concentrations. Three representative examples of doseresponse curves demonstrating variability of apoptosis height and peak positions. Furthermore, we determined proliferative activity by flow between patient samples are shown in Figure 5 . The bellshaped dose-response curve of apoptosis of MNC from patient cytometry. The S-phase fractions of the cell cycle ranged from 0.8 to 9.3% and the G 2 M-phases from 0.1 to 8.7% among the FF showed a peak value of 51.8% apoptotic cells at a DNR dose of 0.5 g/ml DNR (Figure 5a ), while the comparable 18 patient samples. As important features of MDR, drug accumulation, its peak value of MNC from patient HF was 58.3% at 1 g/ml DNR (Figure 5b ). MNC from patient LV scarcely underwent modulation by CsA, and expression of P-gp were assayed. At a concentration of 1 g/ml DNR accumulation in terms of apoptosis at any DNR concentration (Figure 5c) .
Median values (from all 18 patients) of fractions of apoptotic fluorescence values ranged between 0.581 and 5.363. CsA did not modulate DNR accumulation to a great extent with cells as a function of dose are shown in Figure 6 . Again, the median values followed a bell-shaped curve. With time, apopaccumulation modifying factors (AMF) ranging between 0.962 and 1.196. Immunodetection of P-gp expression by monototic rates not only increased in response to exposure to DNR or IR, but also in untreated controls. Since spontaneous clonal antibody MRK16 revealed positivity in only two of the 18 cell samples. apoptosis may also predict drug resistance, we separated the effect of spontaneously occurring apoptosis from DNR-or IRFurthermore, cytotoxicity of DNR with or without addition of CsA of the patients' cells was measured by the MTT assay. The IC 50 values varied between 0.021 and Ͼ3.125 g/ml DNR. Again, the modulation of DNR resistance by CsA was rather weak in 17 instances (range of dose modifying factors (DMF) from 0.499 to 1.7330). Only in MNC from one patient (GH) did we observe a moderate modulation (DMF = 3.920).
All data relating to blood samples from patients were subjected to multivariate cluster analysis, in order to separate different subgroups of patient samples with similar features. The dendrogram in Figure 7 allows the division of these data into two main clusters. The mean cluster values of these two clusters are listed in Table 2 . Cluster 1 comprises cell samples which were more resistant to DNR according to MTT methodology (IC 50 mean cluster value: 0.8549 g/ml) than those of cluster 2 (0.4814 g/ml). DNR accumulation and also modulation of DNR accumulation and cytotoxicity by CsA did not differ between the clusters. Our data correspond with an overall low expression of P-gp. apoptotic death increased slightly after 6 h incubation and accumulation by the P-gp inhibitor CsA 14 were selected for the determination of MDR. On the other hand, we used the gp was only expressed in two of 18 cases. DNR accumulation or modulation by CsA were not significantly different between sensitive and resistant cell samples as determined in the MTT clearly after 24 h incubation in sensitive cluster 2. Also the assay. Thus, P-gp-mediated MDR cannot explain drug resistpeak values for DNR-induced apoptotic fractions after 6 h ance in our set of patient samples. In contrast, proficiency of incubation were increased in cluster 2 as compared to cluster MNC to undergo apoptosis and proliferative activity (S-and 1. In contrast, IR-induced apoptosis after 6 h of incubation G 2 M-phases of the cell cycle) correlated much better with the was similar in both clusters indicating that response of cells data of MTT assays. This may be explained by the multifacto IR is not linked to sensitivity to DNR. After 24 h of incutorial nature of DNR resistance. Measurement of apoptosis bation DNR-and IR-induced apoptosis appeared to be probably reflects the action of various mechanisms of resistreduced. This, however, may indicate a switch from apoptotic ance. Although the clinical significance of P-gp has been to necrotic death. Using the Kolmogoroff-Smirnoff test we described in some reports, 15, 16 others did not 17, 18 suggesting found that only unaided spontaneous apoptosis after 24 h the existence of non-P-gp-mediated mechanisms of resistance. incubation in vitro was significantly different (D = 0.7, Despite the correlation of induction of apoptosis by DNR ␣ = 0.05). This result was corroborated by the U-test and chemosensitivity in the MTT test, interpretation of data is (P = 0.0009).
confounded by the occurrence of bell-shaped dose-response We then performed Spearman's rank correlation analysis curves for apoptosis due to a switch from apoptosis to necrosis between spontaneous apoptosis, after 24 h incubation, and with increasing cellular damage. Extensive experimentation is several other parameters (Table 3) . Occurrence of sponrequired to explore the appropriate dose range and time points taneous apoptosis after 24 h incubation correlated inversely for such bell-shaped curves which tend to limit practicability. with the IC 50 values of DNR obtained with the MTT assay,
The finding that unaided spontaneous apoptosis of MNC albeit with borderline significance (P = 0.056). Spontaneous following incubation in vitro for 24 h was associated with senapoptosis is thus proposed to indicate susceptibility of cells sitivity to DNR in the MTT assay may be explained by some general vulnerability of cells. The interesting link between 
